A bias for humans to attend to the left side of space has been reported in a variety of experiments. While patients with hemispatial neglect mistakenly bisect horizontal lines to the right of centre, neurologically healthy individuals show a mean leftward error. Here, two experiments demonstrated a robust tendency for participants to saccade to the left when viewing photographs. We were able to manipulate this bias by using an asymmetrical gaze-contingent window, which revealed more of the scene on one side of fixation-causing participants to saccade more often in that direction. A second experiment demonstrated the same change in eye movements occurring rapidly from trial to trial, and investigated whether it would carry over and effect attention during a line bisection task. There was some carry-over from gaze-contingent scene viewing to the eye movements during line bisection. However, despite frequent initial eye movements and many errors to the left, manual responses were not affected by this change in orienting. We conclude that the mechanisms underlying asymmetrical attention in picture scanning and line bisection are flexible and can be separated, with saccades in scene perception driven more by a skewed perceptual span.
Introduction
Converging evidence from behavioural and neuropsychological approaches indicates that humans do not attend equally to the left and the right sides of space. Perhaps the most vivid demonstration of this asymmetry in attention is seen in hemispatial neglect. In this disorder, patients cease to pay attention to one side of the world, normally the left (for reviews, see e.g., Heilman et al., 1987; Husain & Rorden, 2003) . Neglect manifests itself in a wide range of behaviours including drawing from memory, visual search, tactile perception and spatial imagery (Behrmann et al., 1997; Beschin et al., 1996; Bisiach et al., 1981; Oxbury, Campbell, & Oxbury, 1974) . Left neglect is found following damage to the right hemisphere, and specifically to the parietal lobes. Right-side neglect, associated with left hemisphere damage, is observed only rarely. This pattern is consistent with neural models of attention which suggest that the right parietal lobes are disproportionately responsible for spatial orienting within both hemifields (Corbetta & Shulman, 2002; Mesulam, 1999) .
A common tool for evaluating asymmetries in attention-both at the bedside and in the laboratory-is the line bisection task, where participants must select the midpoint of a horizontal line (Albert, 1972; Fischer, 2001) . In the present research we first investigated a bias to look to one side when freely viewing natural scenes. We then compared this eye movement bias to performance on a computerised line bisection task. We will begin by summarising some research into eye movement behaviour in picture scanning, before introducing the possibility of a link between the two tasks.
Systematic eye movement scanning in pictures
Observers move their eyes rapidly when looking at a picture in order to orient central vision toward items of importance. The movement of the eyes can be characterised as alternating between periods of fixation, where the eyes are relatively still, and fast, ballistic saccades that move the eyes in a particular direction. Several cortical and sub-cortical regions are implicated in the orienting of voluntary saccadic eye movements, including lateral intraparietal areas, the frontal eye fields and the superior colliculus (see Schall & Cohen, 2011 for a recent review). It is clear from numerous studies that where people look is largely determined ''top-down'', on the basis of the current task and the meaning of the stimulus (Tatler et al., 2011) , although in some cases saccades may be captured by bottom-up features even when these features are irrelevant for the task (e.g., Theeuwes, De Vries, & Godjin, 2003) .
Despite the interaction between picture content and task in the targeting of eye movements, several researchers have pointed out that eye movements show a number of general spatial biases that are independent of the particular image. For example, there is a strong tendency for people to fixate the centre of a picture. This central bias cannot be fully explained by the location of the eyes in the orbits, the position in which scanning starts or the features in the image Tatler, 2007; Tseng et al., 2009) . Saccades are also not equally likely to occur in every direction. Tatler and Vincent (2008) and Foulsham, Kingstone, and Underwood (2008) reported that, across a range of images, horizontal saccades were made more frequently than vertical saccades, with oblique saccades the least common. Foulsham et al. con- firmed that this horizontal bias occurred even in square images and when viewing did not start in the centre of the screen. When scenes were rotated from their canonical orientation, the dominant scanning direction followed the horizon of the scene, which implies that the horizontal bias is not due only to the biomechanics of the eye. On the other hand, a residual, egocentric horizontal bias was also found across rotations, and in meaningless fractal images with no canonical orientation (Foulsham & Kingstone, 2010) .
In recent experimental and modelling work, we have used a gaze-contingent display to control the information available in central versus peripheral vision and investigate the effects on saccade direction (Foulsham & Kingstone, 2012; Foulsham, Teszka, & Kingstone, 2011) . In a gaze-contingent display, the screen is updated in response to the viewer's eye movements. We found that if high-resolution vision was restricted to a window around fixation, the shape of this window affected the proportion of horizontal versus vertical saccades. A vertical window-with more information available above and below fixation than to the left or right-elicited fewer horizontal saccades and more vertical ones than either a horizontal window or unrestricted viewing conditions. Participants followed features that were already available in central vision rather than moving to masked regions. Our interpretation was that the predominance of horizontal saccades in normal scene viewing is partly determined by a window of visibility around fixation that extends further horizontally than vertically.
When participants viewed fractals in preparation for a memory test, the first saccade tended to move to the left of the image (Foulsham & Kingstone, 2010) . Indeed, there are many other empirical reports of viewers tending to look to the left, and conventional artistic wisdom suggests that people scan paintings starting in the lower left (Gaffron, 1950) . Interestingly, one supposed outcome of this bias is that works of art are more pleasing when objects of interest are on the right, either because they compensate for a natural weighting of attention towards the left or because, when attracted to the right, more of the picture will be in the left hemifield (and thus processed by the right hemisphere; Beaumont, 1985; Levy, 1976) . In one recent report of a left-side bias in scene perception, Dickinson and Intraub (2009) showed that boundary extension-the erroneous recall of detail from beyond scene boundaries-was more pronounced on the right side of a picture. The authors demonstrated that this was because attention was biased to the left side of the image, resulting in more early fixations on the left and a better memory for objects on that side. This result is consistent with the left-right scanning pattern intuited in artwork and also with the observation that participants undertaking visual search or line cancellation search systematically and often start on the left, when they could, in theory, start anywhere (Behrmann et al., 1997; Zelinsky, 1996) . It has also been reported that participants looking at faces look at the left side of the face first and more often. This tendency is related to the left side bias shown in judgements made in response to a composite, ''chimeric'' face (Butler et al., 2005) .
Eye movements to the left have been taken as a sign of the dominance of the right hemisphere in spatial attention. Meador et al. (1989) , for example, presented one piece of evidence for this dominance, finding that deactivating the right hemisphere through cerebral injections led to greater deviations in eye position. In addition, several other explanations have been advanced for a leftward scanning bias in pictures. These include the role of reading direction (which is left-to-right in the vast majority of psychological participants) and handedness. As we shall discuss in the next section, these factors have also been investigated in the clinically important line bisection task.
Line bisection and pseudoneglect
Whereas patients showing hemispatial neglect normally bisect horizontal lines to the right of the veridical centre, it has been known for some time that normal participants show the opposite bias. This phenomena, known as pseudoneglect, results in participants erring slightly to the left of the centre (Bowers & Heilman, 1980) . The explanation usually advanced for this phenomena is that, due to right hemispheric dominance in attention, participants overestimate the left side of the line and thus their perception of the centre is shifted in this direction. There have now been a large number of studies investigating the different factors involved in this bias. For example, in a meta analysis, Jewell and McCourt (2000) found that out of 73 studies the majority demonstrated a leftward bias in bisections performed by neurologically normal individuals, with a standardised effect size of approximately 0.4 standard deviations from the centre. Consistent with these results a leftward bias has also been demonstrated in tests where participants make a judgement about a marker placed on a line or the relative intensity of a brightness gradient (Harvey, Milner, & Roberts, 1995; Mattingley et al., 1994) , indicating that the effect is perceptual in origin, rather than just due to a motor bias. Chokron and De Agostini (1995) tested both French readers (who read left to right) and Israeli readers (who read right to left) on a manual line bisection task and found that Israeli participants were more likely to err to the right. Interestingly, the same authors have also shown that reading direction can affect aesthetic judgements of pictures, with left-to-right readers favouring images with a rightward directionality (and right-to-left readers the opposite; Chokron & De Agostini, 2000) . This is one example of a possible link between asymmetries in line bisection and picture viewing. In line bisection, a more important factor than learned reading direction seems to be eye movement scanning direction during the bisection task. When scanning direction is manipulated, for example by having participants track a moving marker, lines tend to be bisected towards where scanning starts (Chokron et al., 1998) . When eye movements are measured during the task, participants with neglect usually fixate the right side of the line while normal observers' initial fixations are often on the left of centre (Barton, Behrmann, & Black, 1998) . Although the majority of studies describing line bisection in neglect or pseudoneglect have not measured eye movements, it seems likely, therefore, that asymmetries in the deployment of covert and overt attention (i.e., fixations) are a key mediator between lateralized neural mechanisms and their perceptual and behavioural consequences.
The present research
The research considered so far suggests that people demonstrate asymmetries in attention and eye movements, in both picture scanning and in other tasks. In natural scene viewing participants tend to make horizontal saccades, which are often to the left, particularly early in viewing. Reports of a lateral asymmetry in other tasks, and in particular in pseudoneglect during line bisection, converge on the idea that humans may over-attend to the left side of space.
In the present study we aimed to confirm a bias to saccade to the left in natural scenes and investigate whether this bias was susceptible to manipulation with a gaze-contingent display. By using this manipulation, we were able to control the availability of foveal versus peripheral features in the image, and thus we can determine whether the leftward bias is due to the processing of these features during a fixation. In a previous study, the frequency of vertical and horizontal saccades increased when viewing was restricted with a vertical or horizontal window, respectively (Foulsham, Teszka, & Kingstone, 2011) . We therefore predicted that if the moving window extended more into the right visual field the leftward saccade bias would be reduced. On the other hand, if an initial leftward bias is largely initiated ''top-down'', perhaps due to reading direction or relatively automatic attentional mechanisms, the extent of the gaze-contingent window should have little effect. We also aimed to test the relationship between patterns of saccade direction and the asymmetry shown in a completely different, manual task which is diagnostic of attention, namely a manual line bisection test.
We asked (1) whether we could manipulate the frequency of leftward or rightward eye movements using a gaze contingent moving window and (2) whether this bias, and any changes induced by the moving window, were linked to lateral biases in line bisection. To address the first of these questions, in Experiment 1 we recorded eye movements while participants freely encoded a series of natural images. Images were viewed in normal conditions or with a gaze-contingent window that presented higher resolution information to either the left or the right side of fixation. We predicted that the shape of the window would affect the likelihood of making a saccade in each direction such that more leftward saccades would be made during viewing with a leftward offset window. Conversely, a window offset to the right should decrease the relative frequency of leftward saccades. In both cases, an effective manipulation could prove useful in future research for simulating neglect in normal participants or even ameliorating it through interventions with patients.
Experiment 1
Experiment 1 compared the saccades made during the perception of scenes in three different blocks: normal viewing and viewing with a gaze contingent window designed to skew the information at fixation to the left or the right. The aim was to determine if there is a bias to look to the left, and if so whether it can be manipulated.
Method

Participants
Inclusion in this study was dependent on having normal vision (without glasses) and completing suitable calibration on the eyetracker. Twenty-four participants (14 female; 23 self-reported dextral), with mean age of 22 years (range: 18-30) took part for monetary compensation and gave their informed consent.
Stimuli, apparatus and design
Three blocks of 30 colour photographs showing indoor or outdoor scenes were used, which all participants viewed once. All the images were of high resolution, were gathered from commercially available collections and were resized to 1024 Â 768 pixels. In order to control for possible biases in the distribution of objects or salient features, all images were flipped horizontally to produce two sets of mirrored stimuli. Both sets of images were used equally, across participants, ensuring that across the whole experiment all visual information was distributed equally on the left and right of the display. Each image was matched with a correct or incorrect statement, which was presented after the image to encourage participants to inspect the image (describing the spatial position of something in the scene; e.g. ''The plant was located in front of the gate'').
Eye movements were recorded during the scene task using the EyeLink 1000 eyetracker (SR-Research). Participants were seated at a chinrest that maintained a viewing distance of 60 cm from the screen thereby minimising head movements. Stimuli and instructions were presented on a 19-in. monitor with a 60-Hz refresh rate, the frame of which was visible throughout the duration of the experiment. The screen subtended approximately 30°Â 25°of visual angle. Images were shown full-screen, and participants used a mouse to respond after each trial. The eye tracker samples eye position at 1000 Hz, has an instrumental resolution of less than 0.1°and yielded gaze accuracy better than 0.5°in all participants. Eye movement events were parsed using the default EyeLink 1000 algorithm, which identified saccades where the velocity of the eye position signal was greater than 30°/s and acceleration was above 8000°/s 2 . All participants saw the images in a random order. Three viewing conditions were used, and these were presented within participants in a blocked fashion, counterbalanced among participants: normal viewing (which was always presented first), viewing with a gaze-contingent window offset to the left, and viewing with a window offset to the right. Across participants, each stimulus appeared equally often in all three conditions and with both correct and incorrect sentences. Fig. 1A includes an example of each type of display.
Stimuli in the normal condition were presented full-screen without modification. The gaze-contingent window conditions were continuously updated in response to the participants' eye movements, and this process was controlled by EyeLink's Experiment Builder software with custom Python programming. The stimulus consisted of a grey mask filling the screen, with a gazecontingent window overlaid. This window around fixation was a regular horizontal ellipse with major axes of 12.4°and 3.1°(as in Foulsham, Teszka, and Kingstone (2011) ; Experiment 2). A portion of the image of this size was cropped, and moved contingent with the participant's gaze, creating a moving window through which the image could be explored. In the left offset condition, the window was centred on a point 3.1°to the left of fixation, meaning that the image visible during a fixation extended 9.3°to the left and 3.1°to the right. In the right offset condition, the window was centred 3.1°to the right of fixation, so these values were reversed and more of the image was visible to the right of fixation than to the left. The speed of the eye tracker, graphics card and monitor refresh rate ensured that the time taken to update the display after an eye movement was no more than 24 ms, which is well below that detectable by observers (Loschky & Wolverton, 2007) .
Procedure
The procedure is summarised in Fig. 1 . Each block began with a 9-dot calibration, which was repeated until accurate eye tracking was achieved. Participants then completed a series of 30 scene viewing trials.
Each scene-viewing trial began with a central fixation point, which participants were required to fixate before the trial began, ensuring that scanning started in the centre. The image then appeared and remained on the screen for 10 s. Participants were instructed to inspect the scene and try to remember it for the subsequent sentence verification task. Following the image, a sentence appeared in the centre of a white screen. Participants were required to press one of two mouse buttons in order to indicate whether the sentence was correct or not with regard to the previous scene, and this key press terminated the display and initiated the following trial.
This procedure repeated for three blocks of 30 scenes per block. Scene viewing during the first block consisted of normally presented scenes, and subsequent blocks presented the left-or right-offset gaze-contingent manipulation, with order counterbalanced between participants. Participants were given a break and the eye tracker was recalibrated at the start of each block. Upon completion of the entire experiment, participants were asked two follow-up questions pertaining to the experiment: (a) ''Did you notice anything different between the last two conditions?'' and (b) ''Did you think that these conditions changed the way you moved your eyes?''
Results
Results were analysed in terms of the relative frequency of saccades in the scene-viewing task that were oriented towards the left or right. Eye movements were recorded during the full 10 s of scene viewing, and we analysed the first saccade made, as well as all saccades, in order to measure the time course of any differences. The direction of each saccade larger than 1°in amplitude was dichotomized into left or right according to angle (the small minority which were exactly vertical were excluded). The frequency of saccades in each direction was then calculated for scenes in each condition, for each participant. We also measured the duration and spatial distribution of fixations as an indication of differences in scene exploration.
Saccades in normal and gaze contingent scene viewing
Statistics summarising the saccades made during viewing with a left and right offset gaze-contingent window are presented in Table 1. Means were compared in a repeated-measures ANOVA with three levels of viewing condition (normal viewing, viewing with a left offset window and viewing with a right offset window).
There was a marginal effect of condition on the number of saccades made per trial (F(2, 46) = 2.9, p = .06), with more saccades made in the Left condition than in normal trials (pairwise comparison, p = .005). The window had a reliable effect on saccade amplitude (F(2, 46) = 11.0, p < .001), and both Left and Right conditions elicited smaller saccades than normal viewing (both pairwise comparisons p < .05). This matches the finding from our previous study, which showed that saccades are curtailed by the boundary of the moving window (Foulsham, Teszka, & Kingstone, 2011) . Fig. 2 shows the relative frequency of leftward saccades for each block over the first ten saccades, and for all saccades. The black line and bar in this figure represent behaviour in the baseline, normal block. There was a tendency for the first and second saccades to move left, and subsequent eye movements were more evenly distributed between the left and right. A one-sampled t-test confirmed that the bias towards the left on the first saccade was significantly different from an equal, 50:50 distribution of left and right saccades (t(23) = 3.8, p < .001). The distribution was not different from 0.5 at any other saccade, or when averaged across the whole trial. There is also a slight oscillation in the relative frequency of left and right between the third and tenth saccade, consistent with the intuition that after moving to the left of the scene participants were more likely to saccade back in the other direction (and vice versa).
The direction of saccades was computed in the same way for the gaze contingent window blocks. There was a clear and systematic effect of the window offset on the frequency of saccades in each direction. On the first saccade, there was a large effect of condition (F(2, 46) = 318, p < .001). With a left offset window, the vast majority of initial saccades moved leftwards and with a right offset window participants tended to saccade right. In both cases, the gaze contingent conditions were reliably different from normal viewing (and from each other, all ps < .001).
Over subsequent saccades, the relative frequency of left and right saccades becomes gradually more equal, with the lines in Fig. 2 crossing on the 4th saccade. Between the 5th and 9th saccade the difference between the two gaze-contingent conditions reverses, so that there are slightly more leftward saccades in the right offset condition, and vice versa. These oscillations, as in normal viewing, are probably a consequence of exploring the scene with several saccades in the direction of the window, followed by movements back in the other direction. Across the whole trial, this pattern evens out to about 50% in the normal condition. However, there remained a significant effect of condition on the frequency Fig. 1 . Experiment 1 consisted of three blocks, each one featuring a series of picture-sentence verification trials. Images in the first block (left) were presented normally, while in subsequent blocks an offset, gaze-contingent window was used (right). Examples show the visible window on the initial fixation in the centre of the screen (white cross). of leftward saccades calculated from all saccades in the trial (F(2, 46) = 42.1, p < .001). All pairwise comparisons were reliable (all ps < .001). Moreover, scanning with a left offset window led to leftward saccades significantly more than 50% of the time (one-sample t(23) = 5.4, p < .001). Conversely, the right offset condition resulted in significantly fewer leftward saccades (i.e., a dominance of eye movements to the right) than an equal distribution (t(23) = 6.0, p < .001).
The first eye movement
A reliable looking bias and a striking effect of window condition were observed on the first saccade in the trial. We further investigated the properties of this initial eye movement by examining the amplitude and the duration of the subsequent fixation. The first saccade was smaller than the trial average, and was curtailed in the same way by the moving window (M ± SEM amplitude: normal viewing = 4.77°± 0.25; left offset window = 3.69°± 0.14; right offset window = 3.81°± 0.22). The distribution of amplitudes was positively skewed, as observed in previous studies (Foulsham, Teszka, & Kingstone, 2011; Tatler & Vincent, 2008) . In normal viewing, the amplitude of first saccades that moved left (4.92°± 0.27) was slightly greater than that of rightward eye movements (4.47°± 0.32), a difference that approached conventional statistical significance (t(23) = 1.85, p = .077). However, given the difference in frequency of saccades in the two directions (described in Section 2.2.1), this result should be interpreted with caution. The same analysis in the gaze contingent conditions was not appropriate because saccades in the opposite direction to the window were so rare.
Fixations during the scene-viewing task had a mean duration of 257 ms (SEM = 8.2), and this did not differ reliably between conditions (F(2, 46) < 1). The fixation following the first saccade tended to be shorter than later fixations (M = 208 ms, SEM = 8.5), which may be because inspection tends to become more focused over time (Unema et al., 2005) . There was no reliable difference between the duration of fixations following a leftward versus a rightward saccade in normal viewing (Ms = 207 ms and 208 ms, respectively; t(23) < 1).
Saccade landing points
So far, we have looked at the distribution of saccade directions, rather than the regions of the screen that were actually inspected. Previous research has shown that these two aspects of scanning can be dissociated, to some extent. For example, Najemnik and Geisler (2008) found that horizontal saccades were most frequent in a search task, but that these saccades tended to target regions at the top and bottom of the screen (e.g., following a single vertical eye movement). Across all trials and stimuli, the task in the present study did not cue participants to look at one side of the image more than the other. The different offset windows caused large differences in saccade direction, but we now consider whether these saccades resulted in fixations that were biased to the left or right of the picture. Fig. 3 shows the spatial distribution of saccade landing points across conditions, for the first saccade only, and for all saccades during the trial. On the first saccade, these distributions are a necessary outcome of the differences in saccade direction seen on the first saccade and the central starting location, with a slight leftward bias in normal viewing and a strong tendency to look towards the larger part of the window in gaze contingent viewing. The asymmetry in normal viewing did not persist across all saccades, with exactly half landing in the left versus the right half of the image (M = 50%, SD = 6). However the difference between the gaze contingent conditions can still be seen in the bottom row of Fig. 3 , with less of a central bias and a tendency for saccades to cluster on one side of the image. On average, 53% (SD = 10) of all saccades in the left offset condition landed on the left, compared to 48% (SD = 12) in the right offset condition. When tested across participants, the difference between conditions was not statistically reliable (all t(23) > 1.4, ps > .17).
Participant self-reports
Despite the differences in eye movement behaviour during the different scene viewing blocks, debriefing suggested that participants were not always aware of the exact gaze contingent manipulation. Half of all participants reported that they did not notice anything different between the two gaze-contingent blocks. Of the remainder, only one person correctly reported that one block had been offset to the left and the other to the right. Two participants felt that the left-offset condition was more natural, stating that it was ''easier to move their eyes'' in that condition or, conversely, that the right-offset condition made it ''difficult to move to the left''.
Discussion
There were several interesting findings from this experiment. First, there was a robust leftward saccade bias in the baseline scene-viewing block. The first saccade tended to go left, which confirms reports from the perception of scenes (e.g., Dickinson & Intraub, 2009 ) and chimeric faces (Butler et al., 2005) . Because half of the participants saw a mirrored version of the same scene this cannot be due to the particular features in the image and must instead reflect a top-down bias to select items on the left. There was no functional advantage in looking to the left on the first saccade, and in a more difficult or time-limited task this would have been disadvantageous because details on the right would be missed. After the first eye movement, viewing was more distributed between leftward and rightward saccades and fixation patterns showed a tendency to fixate the centre of the display (previously reported by authors such as Tatler, 2007; Tseng et al., 2009) . Across the whole trial, fixations were equally likely to be on the left or the right of the image which is of course what we would expect given that, on average across our observers, both halves of the scene contained exactly the same content. It is also worth pointing out that, after an initial saccade to the left, there will be less of the image to the left of fixation than to the right; participants could not continue making saccades in the same direction given the finite landscape image. It may be, therefore, that after the first fixation the tendency to select items on the left is outweighed by the area imbalance and it becomes more difficult to compare between single saccades that will have landed in different locations. There was evidence for this imbalance in the toand-fro oscillation of saccades over time. In Butler et al.'s (2005) study of chimeric faces, a greater number and duration of fixations on the left was only found in trials where participants used the left side of the face to perform a gender indentification task. This finding reveals the interplay between gaze and top-down information-gathering for a specific task. Manipulating the location of taskrelevant information in scenes would be one way of investigating this factor using the current approach.
Second, a gaze contingent window offset in one direction was a powerful modulator of saccade direction. Participants made more saccades in the direction of the window, where they could see more of the intact window. This was particularly true on the first saccade where there was a very large change from a majority of leftward saccades with a leftward window to a minority when viewing scenes in the rightward window condition. The effect of window shape, and also the decreased saccade amplitude in the window conditions, is consistent with previous experiments and modelling (Foulsham & Kingstone, 2012; Foulsham, Teszka, & Kingstone, 2011) . In that research, we suggested that an increase in horizontal saccades with a horizontally oriented gazecontingent window, compared to a vertical window, was most consistent with a model whereby saccades moved towards visible features and where the salience of masked regions was reduced to zero. The same is true of the present results. It is particularly interesting that the precise shape of the window made a big difference to the eye movement direction, even though the difference between shapes was quite subtle and not noticed by many participants.
Experiment 2
Experiment 1 showed a robust leftward bias in normal scene viewing (especially on the first saccade), and this saccade bias could be manipulated through the use of a gaze contingent window. This raises the prospect of being able to change eye movement scanning and the distribution of attention (e.g., as an intervention in atypical observers such as neglect patients).
However, as yet we only have evidence for a change in eye movements during windowed viewing. Although we used a fairly naturalistic task and stimuli, behaviour in this situation may not transfer easily to other settings. An important question, therefore, is whether changes in scanning transfer to the saccades made during viewing without a window, as well as to other attentional tasks. Answering this question will have implications both for theory-revealing shared or independent attentional mechanisms -and for application to clinical groups.
Viewing conditions in Experiment 1 were presented in relatively long blocks of trials, which gave participants time to adapt to the different windows. Experiment 2 therefore also considered whether the change in eye movements in the windowed conditions reflects a long-term adaptation or a more flexible reaction to the visual information. We repeated the three types of scene presentation, but with viewing conditions interleaved so that the type of display changed from trial to trial. If long-term adaptation is necessary for saccades to change then the effect of window will be reduced or eliminated in this case.
We also tested for a carry-over from the scene-viewing task to saccades and manual responses in a line bisection task. As reviewed in the introduction, the line bisection task has been widely used in both healthy and clinical populations to reveal lateral asymmetries in attention. Consistent with the leftward saccade bias shown in normal scenes in Experiment 1, healthy participants tend to bisect lines to the left of centre (pseudoneglect). In Experiment 2, every scene trial was followed by a computerised line bisection trial requiring participants to click the centre of a line with a mouse cursor. Importantly, the line bisection task was not constrained by a gaze contingent window and thus was the same in all conditions. If both the scanning bias in scenes and the pattern of errors in a line bisection task are caused by the same attentional mechanisms, then line-bisection performance might change as a function of the condition in the preceding scene-viewing task. The extent to which changes in attention transfer across these tasks can provide evidence regarding the flexibility of the mechanisms involved. Such evidence would dovetail with previous reports of the carry-over of attentional set between unrelated tasks. In a recent example of such a carry-over, Thompson and Crundall (2011) reported that the layout of a visual search task (requiring finding letters in vertical or horizontal arrays) changed the direction of saccades in a subsequent, unrelated scene-viewing task. The questions of interest were therefore: (1) whether participants' eye movements during the bisection task would be affected by the characteristics of the previous scene display; and (2) whether the manual line bisection response would be influenced by the preceding viewing conditions (i.e., by affecting the tendency to err in a particular direction).
Method
Participants
Sixteen new participants were recruited from the university population (10 female; 13 dextral). Participants ranged in age from 18 to 51 years (mean = 24).
Stimuli, apparatus and design
The scene viewing stimuli and the apparatus remained exactly the same as those in Experiment 1. As previously, 90 images were equally divided between the three viewing conditions (normal, left offset and right offset window), which had the same parameters as previously. In this experiment, viewing conditions were interleaved in a random order.
A computerised line bisection task followed each scene viewing trial. Lines were horizontal and presented in black on a white background. In order to avoid participants making the same response on every trial, two lengths of line (18°and 24°) were presented in each of three positions (centred on the screen, 3°left of centre and 3°right of centre). The thickness of each line was scaled according to its length (1% of the pixel length). Each type of line appeared equally often after each scene viewing condition and with equal frequency over the whole experiment.
Procedure
In contrast to Experiment 1, trials in this experiment were not blocked by condition and a line bisection stimulus was presented after each scene (see Fig. 4 ). Following calibration, each trial began with a central fixation point and then a scene-viewing stimulus presented in exactly the same way as previously.
After 10s of viewing, the scene was replaced with a line bisection trial, requiring participants to click the centre of the line as accurately as possible with a mouse cursor. The cursor was a crosshair, which started the trial randomly in one of 6 positions around the edge of the screen. Participants used their dominant hand. Clicking the mouse terminated the display. Following this response a sentence about the prior scene was displayed and participants had to verify the truth of this sentence, as in Experiment 1. By presenting this sentence at the end of the trial we encouraged participants to look at the scene thoroughly, while limiting any potential biases from the reading of text from left to right. All scene and line conditions were shown in a random order without replacement.
Results
Eye movements in the scene-viewing task were analysed in the same way as Experiment 1 in order to compare normal and gaze contingent viewing. In addition, the direction of the first saccade in the line bisection trials was analysed, as was the distribution of all fixations during this task. Finally, to assess any impact of changes in scanning on line bisection performance we analysed bisection errors: the distance between the chosen location and the line's veridical centre. Fig. 5 shows a plot of the relative frequency of leftward saccades across a trial in the different window conditions. The change in saccade directions in this experiment, where viewing conditions were interleaved, was exactly the same as in Experiment 1 (where conditions were blocked). In normal viewing, there was a modest leftward bias on the first saccade (60% left; one-sampled t-test versus 50%: t(15) = 1.9, p = .08), while subsequent saccades were equally likely to move left and right. A left offset window accentuated this bias, while a right offset window reversed it. There was a large and significant effect of condition on the proportion of leftward saccades (1st saccade: F(2, 30) = 175, p < .001; All saccades: F(2, 30) = 26.1, p < .001; all pairwise comparisons p < .005). Saccades were shorter in the gaze-contingent conditions (Left: M = 4.2°, SEM = 0.24; Right: M = 4.4°, SEM = 0.28) than in normal viewing (M = 6.0°, SEM = 0.16; F(2, 30) = 32, p < .001; both ps < .001), but left and right offset windows did not differ in this respect. There was no difference in the overall number of saccades (Ms = 26, 26 and 27; SEMs = 0.8, 1.2 and 1.2 for normal, left and right conditions respectively; F(2, 30) < 1).
Normal versus gaze contingent scene viewing
As expected from the saccade direction results, there was also a difference in the distribution of saccade endpoints. In the same manner as in Experiment 1, the viewing condition continued to have an effect on the overall amount of time spent in each half of the display. An initial leftward trend in normal viewing was compensated by later saccades to the right, leading to a centralized fixation distribution that actually extended slightly more into the right half of the image (M = 47% of fixations on the left rather than the right; SEM = 1%; only marginally different from 50%, t(15) = 1.9, p = .07). Fixations were more likely on the left in the left-offset window condition (M = 56% left; SEM = 4%) and on the right in the right-offset condition (M = 43% left; SEM = 4%). This is consistent with the results from Experiment 1 and demonstrates that the change in scanning was not completely redressed over the length of the trial and led to participants looking at different parts of the scene. However, the difference between the gaze contingent conditions fell short of statistical significance (paired t test, t(15) = 1.5, p = .14).
Eye movements during line bisection
After each scene, a single line was presented for the line bisection task. No gaze contingent windows were imposed and the stimuli following each type of scene were identical. We therefore asked whether viewing condition in the previous scene trial affected how overt attention was distributed in a completely neutral task. There are relatively few studies of eye movements in this task, although Barton, Behrmann, and Black (1998) report that normal participants tend to fixate to the left of the centre of the line, consistent with the pseudoneglect shown in manual bisection responses.
We began by looking at the first saccade initiated after the onset of the line stimulus. As we expected the line being presented would affect this saccade, we analysed the proportion of leftward saccades as a function of previous viewing condition (normal, left Fig. 4 . Each trial of Experiment 2 consisted of the scene viewing task (see Fig. 1 ) followed by a line bisection. The three scene viewing conditions were interleaved, and a sentence verification appeared after the line was bisected. offset window or right offset window), line position (centre, left or right) and line length (18°or 24°).
As we would expect if participants were saccading toward the line, there was a reliable main effect of line position on the first saccade (F(2, 30) = 10.1, p < .001). There were more saccades to the left when the line was in this half of the screen, and more rightward saccades when the line was positioned on the right. When the line was exactly central there remained a slight leftward bias (see Fig. 6 ). Follow-up pairwise comparisons demonstrated a significant difference between lines positioned on the right and those on the centre or on the left (both p < .005). The comparison between lines on the left and those in the centre was not reliable. There was no reliable effect of line length (F(1, 15) = 1.5, p = .25), and neither line length nor line position interacted with the other factors (all Fs < 1.5, ps > .22).
Importantly, windowed viewing conditions from the previous trial continued to have an effect on the first saccade in the line bisection task. Fig. 6 depicts this effect for eye movements made to lines in the centre of the screen, where participants should have been equally likely to move to the left and the right. There was a reliable effect of condition from the previous trial (F(2, 30) = 3.5, p < .01), with more leftward saccades when the bisection trial occurred after a scene viewed with a left-offset window. There was a smaller, leftward bias following a normal, unimpeded scene trial. The first saccade after a rightward window trial was more likely to be made towards the right. It is therefore very interesting to note that, regardless of the line being presented, and even though lines were fully visible and not constrained by a moving window, the conditions of the previous trial carried over to affect eye movements. Follow-up pairwise comparisons demonstrated that the right window condition was reliably different from the left window condition (p = .05) and marginally different from normal viewing (p = .09). The remaining comparison was not reliable.
Although line bisections were performed quite quickly, participants made several fixations and saccades before selecting their chosen location (mean number of fixations per trial = 4.7). In order to examine the distribution of attention throughout this time, and across all types of line, we analysed the proportion of fixations that landed on the left versus the right of the line's centre. Slightly over half of the fixations (52%) during bisection landed left of the line centre. However, this was not affected by the condition of the previous trial (F(2, 30) < 1), or by the length (F(1, 15) < 1) or position (F(2, 30) = 1.9, p = .17) of the line. There was a marginally reliable interaction between line length and position (F(2, 30) = 3.0, p = .06), and this came about because in long lines participants were slightly more likely to fixate the left of lines positioned on the left (M = 56%) or in the centre (M = 54%) than the same lines on the right of the screen (M = 45%). 
Line bisection performance
Line bisection errors were calculated from the pixel screen coordinates of the line centre and those of the participant's manual clicking response. Signed bisection error was measured as the horizontal difference between actual line centre and selected point, with negative errors being bisections to the left of centre.
The mean bisection error was À2.6 pixels (SEM = 2.5). When presented with our apparatus (where there were about 33 pixels per degree of visual angle), this equates to À0.08°. When completely accurate responses (where error = 0) were excluded, 57% of errors were made to the left of the centre of the line, compared with 43% to the right. Fig. 7 shows the error in line bisection according to the length of the line, the position of the line on the screen and the viewing conditions of the previous scene trial.
Line bisection performance varied with some aspects of the line stimulus. Longer, 24°lines led to an average error further to the left than the 18°lines (Ms = À0.13°and À0.03°, respectively; F(1, 15) = 12.3, p < .005). Screen position had a reliable effect (F(2, 30) = 25.4, p < .001) and lines on the right were bisected with a greater, more rightwards error (M = 0.14°) than lines in the centre (M = À0.10°) or on the left (M = À0.28; all pairwise comparisons reliable, p < .01). There was also a length by position interaction (F(2, 30) = 14, p < .001) demonstrating that the effect of line length was reliable when lines were on the left (p < .001), marginally significant when in the centre (p = .06), and not reliable when on the right (p = .6).
Critically, there was no effect of the viewing conditions from the previous trial (F(2, 30) < 1), and this factor did not interact with line length or position on the screen (all Fs < 1). Therefore, while there was a leftward bias (pseudoneglect) in many types of line, this was not affected by the gaze contingent conditions of the previous trial.
General discussion
The initial aim of the present research was to investigate whether eye movements in scene viewing were biased to one side of space, and whether this could be manipulated by changing the visible window around fixation. The results from the two experiments were extremely consistent. When viewing pictures of natural scenes, there is a reliable tendency to look to the left of the screen on the first saccade. This bias is greatly affected by the visual information at fixation, and participants often moved in the direction of features visible through a gaze contingent window.
A leftward bias in scene viewing
It has often been suggested that people look to the left of a stimulus when first inspecting it (Gaffron, 1950) . Beyond this intuition, relatively few studies have investigated a systematic, asymmetrical bias in saccades. The present study confirmed that most participants, on the majority of trials, make a leftward eye movement on the first saccade. This was a robust effect: collapsing across both experiments and comparing to an equal number of left and right saccades gives a standardised effect size (Cohen's d) of 0.63. Between 60% and 70% of the first saccades in a trial moved leftward. This trend is consistent with recent reports by Dickinson and Intraub (2009) and Foulsham, Teszka, and Kingstone (2011) . For example, the first of these papers report that 63% of first saccades moved leftward (their Experiment 2A), almost exactly the same as the average value across both experiments reported here. Moreover, because this was an average of pictures shown in both their original orientation and mirror reversed, the leftward bias cannot be due to an asymmetric distribution of image features (through chance or a photographer bias to place objects of interest on the left). We also examined saccade direction later in the trial, and found that, in normal scene viewing, eye movements became more equally distributed from the 2nd or 3rd saccade. Of course, after the initial fixation, participants would no longer have been fixating in the centre and so rightward saccades would become more frequent due to the finite rectangular display. This oscillation between left and right saccades led to a centralized and symmetrical distribution of fixation locations, demonstrating that despite the bias on the initial saccade participants compensated and looked at both sides equally.
Two questions regarding the leftward bias were addressed with our gaze-contingent window methodology: (1) is the scanning bias automatic and inflexible? and (2) is it affected by the information visible at fixation? If the bias was automatic and purely top-down, then it should have been equally present in all conditions. In fact, the shape of the gaze-contingent window had a highly systematic effect on the direction of the first few saccades. Changing the information available at fixation modulated the initial drive to look left. Moreover, the same pattern was seen in Experiment 2, even when condition changed randomly and unpredictably from trial to trial. Clearly, in these circumstances, eye movements when looking at a scene are strongly influenced by the current window of visibility. There may be some differences in the oculomotor parameters of left and rightward eye movements (perhaps explained by eye dominance: Vergilino-Perez et al., 2012), but our within-subjects manipulation confirms that the type of window can override these.
The pattern of results from the gaze contingent conditions can give us additional insights about looking behaviour. Saccades moved in the direction of the window, towards the features that were already available, and this translated into an accentuated leftward bias with a window offset to the left, and an opposite, rightward bias with a window offset to the right. In the future, therefore, this type of gaze contingent display could be used to manipulate scanning biases in order to simulate neglect (e.g., by using a right offset window to discourage saccades into the left hemifield). Critically, it could also be used to encourage neglect patients (who tend not to saccade into their neglected hemifield, e.g., Muri et al., 2009 ) to correct for their imbalance of fixations. It is also interesting to note that the difference between windows was actually quite subtle and not reported by most participants when we asked them.
The results can also tell us something about eye movement control in scene viewing. In previous work, we have described two possible strategies for viewing with a gaze contingent window (Foulsham, Teszka, & Kingstone, 2011) . The first is to inspect features that one can already see (i.e., by selecting a point within the window and making a saccade toward this point). The second is to assume that the best way to reveal new information that has not been previously available is to make a saccade beyond the aperture to a location at which the window at fixation will show minimal overlap with what can already be seen. The current results, consistent with those previously described, imply that the first of these strategies accounts for most saccades in these conditions. Because a leftward asymmetric window enables one to see more to the left of fixation than to the right, it would actually be more efficient, in terms of covering the scene, to fixate points on the right, but in fact participants show the opposite pattern. This resulted in a bias in saccades that persisted, on average, across the 10s trial and that resulted in more fixations on one side of the image. Of course, if saccades were always driven in the direction of the window, and given the finite size of the image, participants would remain fixated at the left or right edge of the screen. In fact, after four or five saccades, when participants were presumably nearing the edge of the screen, saccades in the opposite direction became more likely. This compensation reveals that top-down control is also manifested in the task.
Saccades were also considerably shorter in the windowed conditions, consistent with previous results and the principle that participants are moving within the window. One characterisation of behaviour in this task is that points in the window attract attention when points that are masked outside the window cannot. As saccades are preceded by a shift of covert spatial attention, a skewing of attention to one side can account for the saccades made. Conversely, this implies that the leftward bias seen in normal scene viewing may indeed reflect a window of attention that extends further to the left than to the right. If the left-sided bias were associated with changes in global information processing, then one might expect larger saccades. The leftward-biased saccades of approximately 5°observed in the current task may not have represented a large information processing advantage because form and colour vision continue to show high performance at this eccentricity. However, there is a severe drop-off in visual acuity at this scale, with acuity for stimuli extending into the parafovea dropping by around half (e.g., Rovamo, Virsu, & Näsänen, 1978) . Thus smallto-medium saccades, which are the majority in scene viewing (Foulsham, Teszka, & Kingstone, 2011; Tatler & Vincent, 2008) , are undoubtedly important for local scene processing. Despite this, changes in local information processing may not be the main factor causing the left-sided gaze bias.
Similarities between biases in scenes and line bisection
Since being reported by Bowers and Heilman (1980) , a leftward pseudoneglect bias in line bisection has received extensive experimental scrutiny. Despite using a computerised version, we were able to replicate this effect, showing a leftward mean error that was most robust for long lines in the centre of the screen. The effect of screen position implies that participants erred more in the direction of initial orienting from screen centre to the line, which is what was previously reported by Chokron et al. (1998) . While the effect of spatial location has been relatively neglected in previous research, Milner, Brechmann, and Pagliarini (1992) reported that placing lines in the left or right hemispace shifted bisection errors towards that side. It is interesting to note that while placing lines on the right increased the error to the right (and thus reversed the pattern of errors) placing lines on the left only accentuated a leftward bias already present for central lines. This adds to the impression that, all other things being equal, a bias to the left is normally present. This was equally true in the scene-viewing task, where a left offset window accentuated the normal tendency to make a leftward saccade, while a right offset window reversed it.
What of the link between the leftward biases in scene viewing and the line bisection task? Experiment 2 presented several opportunities to uncover a relationship between the two tasks. First, it was important to ask whether the change in scanning with a gaze-contingent window had any impact on scanning during the unconstrained line bisection. In this second task visual features were equally visible around fixation and the stimuli and task demands were completely different from the scene images. Despite these differences, the first saccade in the bisection task continued to be affected by the prior viewing conditions. This adds to recent findings demonstrating that attentional set and biases to make scanning saccades in a particular direction carry-over between different tasks (Thompson & Crundall, 2011) .
However, in two further tests of carry-over in the current experiments there was no impact of the gaze-contingent changes in scanning on the bisection task. Considering the fixations during the bisection, there was no evidence that the left or right offset window affected where people looked relative to the line centre. Although fixation position has been shown to be an important factor in bisection in both healthy and clinical populations (Barton, Behrmann, & Black, 1998; Mitra et al., 2010) this was not influenced by the changes in bias during scenes.
Moreover, despite the changes in the first saccade, line bisection error did not reliably interact with viewing conditions. Thus, while there was some limited evidence that scanning with a moving window may change saccades beyond the current stimulus, there was no evidence that it can impact veridical line processing. The change in saccades could be important for future training or clinical interventions in neglect, where encouraging saccades into the neglected hemifield has been of interest to previous researchers (e.g., Muri et al., 2009) . However, such intervention seems unlikely to transfer to perceptual judgements or line bisection. Earlier evidence for this conclusion can be found in Harvey et al. (2003) , who reported that the eye movement patterns of neglect patients were unrelated to whether or not they misperceived the size of contralesionally presented lines. Here, we have described a way of experimentally manipulating eye movements, enabling causal conclusions. Prism adaptation-in which participants adapt to a (rightward) shift in their visual field-has a causal effect on both eye movements and line bisection errors and can amerliorate neglect (Ferber et al., 2003; Rossetti et al., 1998) . However, Ferber et al. note that despite changes in scanning, perceptual biases to chimeric faces remain after such adaptation.
We previously suggested that a naturally asymmetrical attentional window might explain both pseudoneglect and a leftward bias in scene viewing. This led us to the prediction that viewing with an offset gaze-contingent window that encouraged saccades in a particular direction might also change the response bias in subsequent line bisections. However, there was no evidence for such a change. This could be for at least two reasons. First, it could be that the two tasks are in fact caused by the same mechanisms but that the gaze-contingent procedure did not induce a strong enough change in attention and one that persisted to a fullvisual-field line bisection. By this account, participants were able to flexibly adapt to a change in conditions without any carry-over from the scene-viewing task. We did find evidence of an impact on the first saccade during this task, but such a change might dissipate quickly. Further research might explore longer-term learning (e.g., by having a much longer block of gaze-contingent viewing and measuring changes in saccade direction over the course of the block). One reason to remain cautious about the extent of carryover is that, in Experiment 2, we moved from a blocked design to an interleaved one. Although this was chosen to look at the flexibility of the response to the window it may have made it harder to detect longer-term adaptation to the gaze-contingent conditions. In addition, the availability of visual information at fixation during the line bisection may cause effects that seem to conflict with those reported so far. In particular, it has been reported that patients with homonymous hemianopia actually show line bisection errors towards their blind hemifield, something that has also been simulated in healthy participants with a gaze-contingent display (Mitra et al., 2010) . This pattern, which is the opposite to that seen in neglect patients, may emerge as a result of compensation strategies and the placement of fixations. While we did not manipulate the display during the line bisection, this stresses that changes in the perceptual or attentional span during such tasks may produce different effects in different circumstances.
A second explanation, therefore, seems more likely: that the two tasks tap into different roles of attention. Executing a saccade involves selecting a target location with attention, and we have shown a leftward bias in how this process guides the eyes. Line bisection presumably involves both this attentional selectionleading to a fixation somewhere on the line-as well as a perceptual estimate of the midpoint. Further investigation of asymmetries in free viewing might therefore provide a purer example of biases in selection.
The role of reading direction in scanning and line bisection has also not been addressed by the present study. There is some evidence that habitual differences in reading direction affect both tasks (Chokron & De Agostini, 1995 . Of course, this is not incompatible with an attentional window account if one assumes that learning to read induces a shift in the spatial distribution of attention. However, it should be noted that studies of the perceptual span in reading, using gaze-contingent methodology, indicate that readers of English and other left-to-right scripts actually make use of a region which extends further to the right than to the left (McConkie & Rayner, 1975) , which is the opposite to that proposed in the scene viewing task. Instead, it may be that Western readers develop a learned bias to initially look to the left in pages of text and in pictures, and that this bias is much more of a factor in the scene viewing task than in the line bisections.
The behavioural manifestation of a leftward bias in the current study was that people tended to start looking at the left (as well as erring in this direction during line bisection). As demonstrated by other researchers, this has an impact on performance in a variety of higher-level visual tasks including scene memory and the perception of art (Beaumont, 1985; Dickinson & Intraub, 2009 ). In both scenes and line bisection a leftward bias arose even when performance would be better if fixations were more evenly divided. This observation, as well as the apparent flexibility of saccades in response to moving windows, suggests that a bias to the left does not need to have a functional benefit. While the ultimate cause of this bias remains an open question, the effect of gaze-contingent windows can provide another piece of the puzzle. The close relationship between attention during a fixation and the targeting of the next saccade is a topic of considerable importance for visual cognition (see Zhao et al., 2012 for a recent discussion). One interpretation of the present results is that covert visual attention is associated with two consequences: enhanced perceptual performance at the attended location and the production of a saccade to the same location. When attention and perception is diverted to the left or right (as in our asymmetric window conditions), saccades follow, even though there may be more informative locations to fixate.
In conclusion, we have presented detailed evidence for a leftward, ''pseudoneglect'' bias in neurologically normal participants during both natural scene viewing and in line bisection. Using a gaze-contingent window design we demonstrated that viewing patterns can be modified by presenting more visual information to one side of fixation. This is a powerful technique, which could be used to encourage saccades to the neglected hemifield in neglect patients. We also suggest that, although leftward biases emerge in both tasks, their causes are at least partially separate.
